Introduction
A large num ber of inhibitors, among them com mercial herbicides, are known to block photosys tem II by displacing plastoquinone from the Q Bbinding niche of the D 1 protein in the reaction centre (for review see [1] [2] [3] ). Structural models for the herbicide-binding niche have been proposed by us [2, 4] and others [5, 6] , Instrumental for model ling the binding of triazines and triazinones has been the change in potency (usually tolerance to the inhibitors) with aminoacid substitutions in the D 1 protein [3, 4] . Here we describe the inhibition of m utants o f Chlamydomonas reinhardtii by a series o f triazines (structure 1) and triazinones (structure 2) that allows a more detailed descrip tion of their orientation in the Q B-binding niche. 
Materials and Methods
Inhibitors were synthesized in the Bayer Crop Protection Center, M onheim, Chemical Research laboratories.
Chlamydomonas reinhardtii wild type (wt) and D 1 protein m utants are described by Wildner et al. [7] . Inhibition was measured as inhibition of elec tron transfer from water to 2,6-dichlorophenolindophenol (DCPIP) in thylakoids [7] .
F or m olecular modelling the software SYBYL from Tripos Associates Inc., St. Louis, Missouri, U.S.A., was used. The construction o f the protein model has been described in [4] , The model con tains only the amino acids directly surrounding the probable binding locus of the plastoquinone. These am ino acids are the last part of the fourth transm em brane helix from serine 207 to serine 222, then a gap and starting again with asparagine 247, the beginning of a small helix which we call "paral lel" helix, because its orientation is not transm em brane though not parallel to the membrane, and ending with alanine 277 in the first part of the fifth and last transm em brane helix. Inhibitors and pro tein were allowed to relax after first arbitrary fit ting.
Results
The principle way to obtain precise data for the inhibitory potency o f herbicides by testing in iso lated thylakoid membranes is well established.
Also the testing of thylakoid systems o f Chlamvdomonas reinhardtii and m utants o f it has already been used by ourselves and others several times [4, 7, 8] , The data in Table I for the tolerance of sub  stituted triazines and in Table II of triazinones are  in agreement with those for the few triazines and  triazinones tested so far in literature [2, 4, 7, 9] ,
Discussion

Binding o f triazines
In analogy to the binding of terbutryne, a tria zine herbicide, to the bacterial photosynthetic reaction center [10] we have assumed binding of triazines into the D 1 protein to serine 264 hydro xyl and to phenylalanine 265 amide NH [4] , This is in agreement with the D 1 protein model o f A. Crofts [5] , but there is a difference to the recently published model of Ruffle et al. [6] in which the amid NH of amino acid 265 is located outwards the binding niche. Fig. 1 shows an ethoxyethyltriazine for an example of our proposition. To strengthen our view we have examined the behav iour of 37 triazines of structure 1 in five different m utants of the D 1 protein (Table I ). Especially we have varied the substituent R 2 which in the orien tation shown is the most enclosed one within the binding niche. If R2 contains an oxygen atom in Table I . p/ 50 values and lg P values o f triazines o f structure 1.
Abbreviations: (5) and (R ) are stereoinformations; T H F is tetrahydrofuryl, wt is wild type, A is alanine, F is phenyl alanine, I is isoleucine, L is leucine, S is serine, V is valine, Y is tyrosine.
R2
X R l wt S 264A A 251V The phenyl moiety of the ethoxyethyl-triazine is close to the phenyl ring of phenylalanine 265. The arom atic interaction might explain the high p /50 values o f all our triazines. This interaction can only be optim al with the (5) conform ation of the methylbenzyl substituent. But there is enough place to adopt an ethylbenzyl or propylbenzyl group. In agreement with our model are p /50 val ues of similar com pounds in wild type reaction centres th at have been published by Omokawa and Konnai [9] .
The R 2 substituent is oriented into the interior of the binding niche towards alanine 251, serine 268, asparagine 247, leucine 218 and finally valine 219. Molecular modelling suggests that the contact of R2 to the protein is not very intimate. This is con firmed by the only small effect that variation in chain length of R 2 over a large range has on the p /50 values (Fig. 3) . The same is true for the p /50 values in the m utants serine 264 to alanine and alanine 251 to valine. The decrease of the p /50 values of all triazines in the m utant serine 264 to alanine by about two orders o f m agnitude is ex plained by loss o f a hydrogen bond.
A direct com parison of the locations o f the nat ural substrate plastoquinone and ethoxyethyl-triazine visualizes the rather peripherical position of the triazines within the binding niche (Fig. 4 , s. Plate I on page 208). In this context it is to consider that in our model the quinone is bound very simi lar but not identical to its binding in the bacterial photosynthetic reaction center (Fig. 5, s . Plate I on page 208). In the bacterial reaction center the qui none is hydrogen bound with one carbonyl group to serine 223 (corresponding to serine 264 in plants) and to the amide NH of the second follow ing amino acid [10] . Though the amide NH of the second following amino acid in our model is in a hydrogen bond distance to serine 264 hydroxyl, it is not in a position equivalent to that in the bacter ial reaction center (Fig. 6 , s. Plate I on page 208). Only the amide N H of the directly following phenylalanine 265 is suitable for quinone binding.
F or geometric reasons a septyl chain seems to be the longest R2 substituent, that could fit well into the binding niche. Nevertheless there is no strong decrease in the p /50 values for octyl or nonyl chains. Especially the m utation valine 219 to iso leucine would be expected to limit the available space for longer R2 groups; but it does not. The finding that R2 without loss in affinity may also be a second (5)-phenethyl group leads to an explana tion for the observed effects. The triazine with two (S^-phenethyl substituents can be fitted nicely into the protein model (Fig. 7 , s. Plate II on page 209). This means that triazines with a longer alkyl sub stituent can bind upside-down with R2 inter changed with the phenethyl substituent, other than the orientation shown in Fig. 1 .
The oxygen in the side chain of the ethoxyethyltriazine can built up a hydrogen bond to the hy droxyl o f serine 268. The analogous com pound without oxygen in this position, the pentyl-triazine, has a p /50 value not significantly different. But there is a difference in lg P between the two com pounds of 1.6. Since the binding niche is accessable only from the thylakoid membrane, the much lower lipophilicity of the ethoxyethyl group should expectedly lower the p /50 value of this com pound by the same range [11, 12] . This is not the case because this effect is just compensated by the additional hydrogen bond. For the methoxypropyl-triazine the p /50 value is raised even by one more order of magnitude.
In molecular modelling the oxygen atom of the ethoxyethyl group may also be incorporated into a more rigid tetrahydrofurfuryl system without loss of binding. In fact the p /50 values of the (S)-tetrahydrofurfuryl-triazine are very similar to the ethoxyethyl-triazine. Only the resistance in the alanine 251 to valine m utant is significantly high er, because there is less flexibility in the ring system to accom odate into the changed protein. For the other isomer, the (/?)-tetrahydrofurfuryl-triazine, m olecular modelling predicts that there is no hy drogen bond to serine 268 possible (Fig. 8, s . Plate II on page 209). In fact the p /50 value of this isomer is lower by one order o f magnitude, corresponding to one hydrogen bond energy.
M utation of leucine 275 to phenylalanine does not affect the binding of the triazines very much, because there is no intim ate contact to the changed atoms. The m utation o f phenylalanine 255 to tyro sine in the background behind the triazine ring generally leads to some resistance for the triazines. The additional hydroxyl group of the tyrosine in our model does not directly interact with the tria zines. We therefore cannot understand, why there is resistance to the triazines. A contrary phenome non, a general supersensitivity in the tyrosin 255 m utant, can be observed for the triazinones (cf .  Table II) . It might be, that there happens an un foreseeable slight change in the overall conform a tion of the binding niche.
Binding o f triazinones
We have assumed a binding of triazinones as shown in Fig. 9 [2, 4 ], There are hydrogen bonds to serine 264 hydroxyl and to phenylalanine 265 amide NH . Fig. 10 Extended data on 20 triazinones of structure 2 confirm our previous view [2] (Table II) nones have a close contact to alanine 251 and seri ne 268. In consequence not only the m utation seri ne 264 to alanine (loss of a hydrogen bond), but also the m utation alanine 251 to the larger valine strongly interferes with triazinone binding (Fig. 12) . The pentyl-triazinone just fills the availa ble space up to asparagine 247 which is in front of valine 219. The lower p /50 value of propyl-triazinone in com parison to ethyl-or butyl-triazinone is ex plained, by the bottle neck between alanine 251 and serine 268 [2] , The ethyl group of ethyl-triazinone ends just before alanine 251 and can also ac com odate in the valine 251 m utant. Propyl-triazinone is just within the bottle neck and cannot bind as well in the valine 251 mutant. F or longer alkyltriazinones there is some space again after the bottle neck. The 3-methylbutyl-triazinone has a branching point at the position corresponding to the bottle neck. This should prevent good binding o f 3-methylbutyl-triazinone. But in fact the p /50 value o f 3-methylbutyl-triazinone is one order of magnitude better than that of propyl-triazinone and similar to that of butyl-triazinone. M olecular modelling makes it unprobable that there is a flip in orientation for these different triazinones as we postulate for the longer alkyl-triazines. Instead we assume that in the wild type protein there is a m ol ecule of water between the side chains of serine 268 and asparagine 247 [2] , Binding of triazinones with substituents larger than ethyl turn the serine hy droxyl out of the binding niche into the position originally occupied by the water molecule. Then there also is enough place for 3-methylbutyl-triazinone.
C om parison o f the p /50 values o f «-butyl and «-pentyl-triazinone with methoxyethyl-and methoxypropyl-triazinone dem onstrates that the oxy gen of methoxyethyl-but not of methoxypropyltriazinone can reach the serine 268 hydroxyl. This can also be concluded from modelling (cf. Fig. 10  and 11) . As with the triazines the positive effect of the new hydrogen bond o f the oxygen compound on the p /50 value is compensated by the lower lg P value [11, 12] .
The postulated molecule of water next to serine 268 could have a function in conducting protons into the binding niche needed for reduction of plastoquinone. It is also conceivable that there is not a molecule of water, but a molecule of carbon ate instead (personal discussion with Govindjee). The carbonate could be held in place by the side chain of the arginine (or lysine) 238, involved in rapid turnover o f the D 1 protein [2] , Arginine 238 is next to the azidom onuron labelled tyrosine 237 [13] , This positioning would give a link between herbicide binding, bicarbonate effects, and rapid turnover of the D 1 protein.
